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INTRODUCTION
percutaneous coronary intervention (pCI) with stenting is currently the most widely performed procedure for the treatment of symptomatic coronary disease [1] . Over the course of the 3 decades, pCI with stent implantation transformed the practice of cardiology. In large trials, drug-eluting stents (DES) have led to a significant reduction in in-stent restenosis (ISR) rates, one of the major limitations of bare-metal stents (BMS) [2] . Due to these favorable findings, DES was rapidly and widely adopted enabling more complex coronary interventions. Nevertheless, ISR remains a serious concern as late stent complications.
DEFINITION
ISR is defined as the gradual re-narrowing of a stented coronary artery lesion due to arterial damage with subsequent neointimal tissue proliferation [3, 4] . Angiographically IRS is a binary event defined as recurrent diameter stenosis at the stent segment more than 50% of the vessel diameter as determined by coronary angiography [4] . The angiographic definition remains the main definition since it allows determination of ISR severity and morphological pattern. The clinical definition of ISR requires the presence of greater than 50% diameter in-stent stenosis and one of the following: Clinical symptoms of recurrent angina, objective signs of ischemia (EKG changes), positive coronary hemodynamic assessment with fractional flow reserve (FFR) less than 0.80, intravascular ultrasonography (IVUS) minimum crosssectional area less than 4 mm 2 (6 mm 2 for left main), or restenosis with ≥ 70% reduction in lumen diameter even in the absence of clinical symptoms or signs.
CLASSIFICATION
Multiple classification systems have been identified to address the severity of ISR. Mehran system [5] is a morphologic classification of ISR lesions in to four patterns. pattern Ⅰ (focal) is ISR (≤ 10 mm in length) lesion within the stent, pattern Ⅱ (diffuse) is ISR greater than 10 mm within the stent, pattern Ⅲ (proliferative) is ISR greater than 10 mm extending outside the stent, and pattern Ⅳ (occlusion) is totally occluded ISR. This classification system predicts the need for repeat revascularization after intervention (19%, 35%, 50%, and 98%, respectively) [5] . American College of Cardiology/American Heart Association lesion classification has been also validated in patients with ISR [6] . Type A lesions had a probability of success of more than 85% and a low risk of acute occlusion. Type B lesions had a probability of success of between 60% and 85% and a moderate risk of abrupt occlusion. Finally, type C lesions had a probability of success of less than 60% and a high risk of abrupt occlusion following the procedure (Table 1) . Lesions B2 and C have been reported to be frequently associated with suboptimal acute results with a higher restenosis rate and poorer long-term clinical outcomes [7] .
INCIDENCE
In general, rates of ISR range from 3% to 20% with drug-eluting stents and 16% and 44% with BMS. This occurs mostly between 3 to 20 mo after stent placement [3, 8] . The incidence of ISR depends on the definition, stent type, location, patient comorbidities and lesion complexity (i.e., lesion length, vessel size, and bifurcation lesions). The introduction of DES has significantly reduced the occurrence of neointimal proliferation, which is considered the main mechanism for ISR. The decrease in ISR was translated into decreased clinical need for subsequent repeat revascularization [9] [10] [11] . A metaanalysis of 38 randomized controlled trials with more than 18000 patients showed significant reduction in TLR with both sirolimus-eluting stent (SES) and paclitaxeleluting stents (pES) compared with BMS [10] . However, due to the complexity of ISR beyond device and stent design, the rates of ISR in both BMS and DES are still relatively high [12] . Routine angiographic surveillance 6 to 8 mo after stent implantation was done in one study that revealed ISR rates of 30.1%, 14.6%, and 12.2% for BMS, first-generation DES, and second-generation DES, respectively [13] .
Bare-metal stents ISR
Despite relatively high restenosis rates, bare-metal stents are still frequently used in clinical practice during pCI [14] . This is related to unaffordable prices of DES and more importantly, lower risk of bleeding due to shorter duration of dual antiplatelet therapy (DApT) that is required after BMS compared with DES. BMS-ISR causes a significant therapeutic burden in current clinical practice. One pooled analysis reported a oneyear TLR and TVR rates after BMS of 12% and 14.1% respectively [15, 16] . Clinical restenosis was evident within 6-12 wk after BMS implantation [16] . Beyond 1 year, rate of BMS restenosis is negligible and most stenting events are related to disease progression in vessel segments other than the stented lesion [16] .
Drug-eluting stents ISR
Restenosis rate of DES increased in the recent years due to expanded use to include high-risk patients with complex coronary lesions. The DES-ISR rate has been reported in 3%-20% depending on DES type, the duration of follow-up, and the complexity of the lesions in which the stents were placed [3] . When compared with BMS, DES is associated with lower ISR. At oneyear follow up, SES markedly reduced the incidence TLR from 16.6% to 4.1% when compared with BMS [17] . For first-generation DES, j-Cypher registry of 12812 patients who received SES, the TLR rate was 7.3% at 1 year, and 15.9% at 5 years [18] . Ischemia-driven TLR was also the same in patients randomly assigned to SES or pES (13.1% vs 15.1%) in the SIRTAX LATE study [19] . Second generation stents have been associated with lower death and myocardial infarction compared with first-generation DES. However, zotarolimus-eluting stent (ZES) found to be noninferior to pES for TVR at 1 and 5 years [20] . In a pooled analysis of multiple studies comparing everolimus-eluting with ZES, the rates of TVR at up to five years of follow-up were 6.3% and 5.0%, respectively [21] .
PREDICTORS OF IN-STENT RESTENOSIS
patient comorbidities, lesion characteristic, and procedural characteristics are the main predictors of ISR.
Patient characteristics
patient characteristics and comorbidities that are associated with higher rate of ISR include; metal allergy, local hypersensitivity reactions with immunologic and inflammatory response to the drug or the polymer, age, female gender, diabetes mellitus, chronic kidney disease (including hemodialysis), and multivessel coronary artery disease [3, 22, 23] .
Lesion characteristics
Lesion characteristics associated with ISR include; lesion length, smaller reference artery diameter, ostial lesion, initial plaque burden and residual plaque after implantation. In contrast with BMS, DES tends to have a more focal pattern of ISR, except in diabetics, where the ISR tends to be more confined to the stent edges [24, 25] . Focal ISR (Mehran pattern Ⅰ) has been associated with a lower rate of ISR recurrence than nonfocal (Mehran pattern > Ⅰ) ISR [25] .
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Procedural characteristics
Operator and technique dependent characteristics include stent undersizing, incomplete lesion coverage, stent under expansion, and malapposition. Mechanical properties of stents that may lead to recoil because of loss of radial force, stent fractures, and altering increase in shear stress are all associated with higher rates of ISR. For every 10 mm of excess stent length beyond lesion has been independently associated with increased post-procedural percent diameter stenosis by 4% and increased TLR at 9 mo (OR = 1.12, 95%CI: 1.02-1.24) [26] [27] [28] [29] . Stent fracture, on the other hand, can trigger focal ISR or thrombosis [30] [31] [32] which can result in a reduction in drug delivery at the breakage point of the stent. Stent fracture occurs more frequently in the right coronary artery, overlapping stents, longer stents, SESs (because of the ridged closed cell structure), and excessively tortuous angulated vessels [33] . Malapposition, also known as incomplete stent apposition (ISA), is defined as the absence of contact between stent struts and the vessel wall not overlying a side branch. Malapposition seems to be related to procedural technique due to under-sizing the stent, use of low deployment pressures, and severely calcified lesions, which do not allow for homogenous stent expansion [34] . Oversized stents can also lead to extensive trauma to the vessel wall and increased proliferative reaction [35] . Geographic miss occurs when the stent does not fully cover the injured or diseased segment of the artery (axial miss) or the ratio of balloon to artery size is less than 0.9 or greater than 1.3 (longitudinal miss). Geographic miss is associated with increased risk of TLR and MI at 1 year [36] . DESs decrease neointimal growth. As a result, geographic miss or strut fracture may be larger factors of ISR in DESs compared with BMSs [12] .
PATHOGENESIS
The main mechanism of ISR following stent implantation is neointimal tissue proliferation because of arterial wall damage [21, 22] . Neointimal tissue proliferation could be focal or distributed uniformly along the because it has been shown to increase the rates of oculostenotic revascularization.
Intravascular ultrasonography
IVUS is considered a fundamental intracoronary imaging modality to assess ISR. The stent and procedures characteristics can be readily assessed as contributing mechanism of ISR using IVUS [35] . IVUS delineate external elastic lamina behind the stent struts very well, which provides valuable insights on vessel sizing for optimization of stent expansion ( Figure 2F and G). IVUS does help detect the presence of neointimal hyperplasia obstructing the stent, stent underexpansion, stent fracture, or edge restenosis. In addition, it can provide insights into optimal vessel sizing for choosing the appropriate stent size ( Figure 2K and L). However, IVUS has limited axial resolution (150 μm), which makes neointimal interface hard to define [12] .
Optical coherence tomography
Optical coherence tomography (OCT) provides better axial resolution (15 μm), allowing better resolution of the vessel lumen, neointimal tissue, and stent struts distribution. The morphology of ISR can be identified using OCT which could show macrophage infiltration, necrotic core, in-stent calcification and neoatherosclerotic plaque rupture [46, 47] . The weakness of the OCT resides in the poor tissue penetration, which cause poor visualization of the residual plaque that is beyond the stent [12] .
HEMODYNAMIC ASSESSMENT

Fractional flow reserve
FFR has been validated for clinical decision making in patients with ISR. The clinical outcome of patients with ISR with deferred interventions based on a FFR > 0.75 is excellent [48] . This diagnostic strategy is useful in controversial cases with angiographically moderate or inconclusive ISR.
TREATMENT
Balloon angioplasty
Balloon angioplasty (BA) is one of the earliest interventions that were used to treat ISR by displacing inlength of the stent (Figure 1) . ISR, which happens early within days of stent deployment, is due to elastic recoil and relocation of axially transmitted plaque. The causes of late (weeks to months) ISR commonly are reorganization of thrombus, neointima formation and remodeling [37] . Neoatherosclerosis yet is another contributing factor to ISR. The stimulation of neointima formation happens due to injury to the vessel during the pCI and stent deployment. A cascade of events are triggered by the intimal and medial damage, leading to proliferation and migration of vascular smooth muscle cells, extracellular matrix formation which ultimately activates the coagulation-fibrinolysis system [38] . The local inflammation can lead to the development of neoatherosclerosis characterized by accumulation of lipid-laden foamy macrophages within the neointima with or without a necrotic core formation and calcification, which can occur years after stent placement [39] . Neoatherosclerosis is associated with a higher proportion of in-stent atherosclerotic plaque, which could explain unstable symptoms and myocardial infarction presentation of patients with ISR years after pCI. The incidence of neoatherosclerosis was significantly greater in DES compared with BMS (31% vs 16%, p < 0.001) [40] . Younger age, longer implant durations, SES usage, pES usage and underlying unstable plaques, are independent risk factors for neoatherosclerosis [14, 40] .
CLINICAL PRESENTATION
Due to the gradual and slow progression of ISR compared with stent thrombosis, majority of ISR presents as progressive recurrent angina [40] . The time for symptoms to develop due to DES-ISR is 3 to 12 mo after stent placement [41] . BMS stent on the other hand develop ISR symptoms sooner with reported average period of 6 mo post-pCI [42] . BMS-ISR presented as MI in 3.5%-20% of patients [43] . DES-ISR is similar to that of BMS with approximately 16%-66% of patients presenting with unstable angina and 1%-20% with MI [44, 45] .
ANATOMIC ASSESSMENT
Routine surveillance
Routine angiographic surveillance is not recommended [53] [54] [55] . Adding an extra layer of metal to treat DES or BMS-ISR is not ideal and will continue to place patients at future risk for ISR. Therefore, DEB and vascular brachytherapy are better options compared with DES. Vascular brachytherapy is available in few centers in the United States and is used primarily for recurrence of DES-ISR, but logistic issues and lack of radiation oncology support impede its uses. Therefore, restenting with second-generation DES became the default therapy for DES-ISR.
Excimer laser angioplasty
Excimer laser angioplasty (ELA) produces monochromatic light energy, which generates heat and shock waves that disrupt plaque ( Figure 2H ). Mehran et al [56] compared results of ELA vs rotational atherectomy (RA), both followed by percutaneous transluminal coronary angioplasty (pTCA , p < 0.001). However, the 1-year TLR rates were similar: 26% with ELA plus pTCA vs 28% with RA plus pTCA (p = nonsignificant). ELA is not currently a well-accepted treatment for ISR, but the ultimate role of this therapy stent tissue from the lumen in axial and longitudinal direction to the outer portion of the vessel wall as well as further expanding the stent [49] (Figure 2 ). This intervention could be useful in focal ISR. The outcome of BA for focal ISR However, during balloon inflation, slippage or watermelon seeding can occur, leading to edge-related complications. Cutting or scoring balloons can help minimize this, but also have limitations in delivery through stented regions or distal areas [50] . Lateral blades or atherotomes anchor the balloon in the lesion and minimize slippage [51] . progressive balloon dilations and small/short balloons can also prevent side effects from balloon slippage [52] . One of the limitations of BA is that subacute tissue re-intrusion back to the lumen tends to occur within minutes after the last balloon inflation. This explains the early lumen loss phenomenon detected in BA studies in this setting, a finding also associated with subsequent recurrent restenosis.
Vascular brachytherapy
Brachytherapy inhibits neointimal formation within the stent, but not the stent edges, by delivering radiation to the areas of ISR. Brachytherapy effectively suppressed the proliferative response and significantly reduced clinical and angiographic restenosis rates ( Figure 3C ). Both beta and gamma radiation sources could achieve major reductions in the angiographic restenosis rates [53] . Gamma emitters had profound tissue penetration, whereas beta emitters had less tissue penetration 
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The randomized trials paclitaxel-eluting Stents vs Brachytherapy for In-stent Restenosis (TAXUS V ISR) and Sirolimus-eluting Stents vs Vascular brachytherapy (SISR) trial showed better outcomes for DES compared with brachytherapy [64, 65] . Two major randomized trials compared DES with DEB for patients with ISR. The ISAR-DESIRE 3 trial randomized 402 patients with ISR in DES to paclitaxel-eluting balloon (pEB) vs first generation DES (pES) vs balloon angioplasty [52] . At a median follow-up of 3 years, the risk of TLR was similar with pEB vs pES (HR = 1. 46 [66, 67] . A total of 309 patients with DES-ISR is still unclear.
Drug-eluting balloon angioplasty
It was proposed that repeat stenting for ISR raises concerns for creating multiple stent layers. Therefore, the use of DEB angioplasty should minimize the metal layer and eventually decrease future ISR. For that purpose, multiple randomized studies have been done to evaluate the efficacy and durability of DEB compared with DES in treating BMS or DES-ISR. Few studies have shown that DEB is non-inferior to DES for BMS and DES-ISR [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . However, none of these studies have been powered for clinical endpoints. DEB is currently not available for use in the United States. In addition, their use has been associated with issues that may limit their use mostly related to the use of paclitaxel and potential of particulates showering to the distal vessel bed, as well as the high profile of the device. Comparison of DEB with DES for treatment of ISR will be discussed in the following section.
Drug-eluting stents
Balloon angioplasty alone carries a high risk of recurrent stenosis, especially in diffuse and/or severe ISR [44, 62, 63] . outcome of the patients with DES restenosis was less favorable with regard to the angiographic indices, including lumen diameter post procedure and at followup. DES-ISR group treated with EES had both increased mortality and need for target vessel revascularization as compared with BMS-ISR group at one year follow up. The authors conclude that EES provides favorable outcomes in patients with ISR and that the results of EES are less satisfactory in patients with DES-ISR than in those with BMS-ISR.
CONCLUSION
In-stent restenosis remains a prevailing clinical problem. were randomly allocated to DEB, or second generation DES (EES) patients in the EES arm had a significantly larger minimal lumen diameter (2.03 ± 0.7 mm vs 1.80 ± 0.6 mm, p < 0.01) net lumen gain (1.28 ± 0.7 mm vs 1.01 ± 0.7 mm, p < 0.01), and lower percent diameter stenosis (23% ± 22% vs 30% ± 22%, p < 0.01) and binary restenosis rate (11% vs 19%, p = 0.06), compared with patients in the DEB arm.
At the 1-year clinical follow-up (100% of patients), the main clinical outcome measure (composite of cardiac death, myocardial infarction, and target vessel revascularization) was significantly reduced in the EES arm (10% vs 18%, p = 0.04, HR = 0.58, 95%CI: 0.35-0.98), mainly driven by a lower need for target vessel revascularization (8% vs 16%, p = 0.035).
A meta-analysis looked into treatment of ISR comparing DEB, DES, and BA reported that treatment with DEB had a trend toward better outcomes than with DES [68] [69] [70] [71] [72] . The risk of TLR was lower in patients treated with DEB (OR = 0.22, 95%CI: 0.10-0.42) or DES (OR = 0.24, 95%CI: 0.11-0.47) than in those treated with BA. In a comparison of DEB and DES, the risk of TLR (OR = 0.92, 95%CI: 0.43-1.90) was similar. The risk of major adverse cardiac events, which was mainly driven by TLR, was also significantly lower in the DEB and DES groups (OR = 0.28, 95%CI: 0.14-0.53) than in the BA group, but it was similar between the DEB and DES groups (OR = 0.84, 95%CI: 0.45-1.50). For TLR, the probability of being ranked as the best treatment was 59.9% (DEB), 40.1% (DES), and 0.1% (BA).
There is no clear evidence on which type of DES should be used to treat ISR of a DES. Some experts argue that using a different type of DES helps to overcome drug resistance, but no strong data support this practice. A recently published network metaanalysis addressed the question of which strategy is preferred for the treatment of ISR, with the primary outcome defined as the percent diameter stenosis at angiographic follow-up [73] . This analysis suggested that pCI with second-generation DES (EES) was the most effective treatment, whereas percutaneous coronary intervention with DEB was ranked as the second most effective treatment but without significant differences from first-generation DES. Two additional similar design meta-analyses have reported similar findings suggesting second generation DES as treatment of choice for BMS and DES-ISR [74, 75] . As a result, the 2009 update of the American College of Cardiology/ American Heart Association/Society for Cardiovascular Angiography and Interventions guideline update for pCI and the 2005 European Society of Cardiology Task Force recommend DES for ISR whether the initial stent was BMS or DES [76] [77] [78] .
A recently published pooled analysis of the RIBS V and RIBS IV compared the efficacy of EES in patients with BMS-ISR and DES-ISR [79] [80] [81] [82] . The study detected clinical and morphological differences of ISR in BMS vs DES, including for the later more focal ISR pattern and delayed onset of presentation. Nevertheless, the Alraies MC et al . In-stent restenosis
